Minimally-invasive cardiac output (CO) monitoring to follow changes in CO would be helpful in anaesthesia practice. Two Doppler systems marketed for this purpose include the CardioQ (Deltex Medical Group, Chichester, United Kingdom), which uses an oesophageal probe, and the USCOM (USCOM Ltd., Sydney, NSW, Australia), which uses a hand-held probe. The aim of the study was to assess the ability of these two methods to track CO during major surgery and to determine their relationship. Twenty patients, age 58 (26 to 81) years, (m/f) 15/5, requiring abdominal surgery were studied. The surgical procedures lasted between 128 and 408 minutes and a total of 285 data pairs (8 to 22 per case) were collected. Time plots showed good tracking ability across a wide range of CO in most patients. Correlation between the two devices was excellent in 14 patients (R 2 >0.85), good in another four (R 2 >0.64) and poor in two. Regression line data supported the hypothesis that CardioQ under-reads at low CO and over-reads at high CO in respect to the USCOM. However, the precision between the two CO readings was poor with wide limits of agreement and a percentage error of ± 37%. These findings indicate that these devices individually track changes in CO in many patients but cannot be relied upon to provide the same values.
There is a rapidly growing need for intraoperative cardiac output (CO) monitoring during major surgery. This is driven, in part, by recent studies suggesting that goal-directed intraoperative fluid management regimens may improve patient outcomes following major surgery [1] [2] [3] [4] . However, intraoperative measurement of CO is problematic as the time-honoured pulmonary artery catheter is rarely used during routine major surgery due to its cost, invasive nature and high patient risk 5, 6 . However, minimally-invasive alternatives have not been very successful in replacing thermodilution 7 .
Pulse contour and bioimpedance methods have not yet been shown to track changes in CO reliably and the focus of research involving these devices has switched to fluid responsiveness indices such as SV variation 8, 9 . Doppler methods are another approach to track changes in flow in blood vessels 10 , but this technique has yet to achieve widespread acceptance in the intraoperative setting, possibly because of the high degree of operator skill required to obtain reliable data 11, 12 . However, oesophageal Doppler has gained some popularity in parts of Europe for guiding goaldirected fluid therapy regimens 13 . Currently available intraoperative Doppler devices include the CardioQ (Deltex Medical Group, Chichester, United Kingdom) and the USCOM (USCOM Ltd., Sydney, NSW, Australia). They both measure similar haemodynamic variables, but differ in how, and from where, the data is obtained. The CardioQ is an oesophageal Doppler system that measures CO from the descending thoracic aorta, whilst the USCOM is an external Doppler system that measures CO from either the aortic or pulmonary valve. A previous pilot study by our group had shown that the regression lines between the two Doppler systems as CO increases had a significant offset and did not follow a simple Y=X relationship, and a Y=mX+c relationship was expected 14 . The aim of the current study was to assess the ability of these two methods to track each other over a range of CO during major surgery and to determine their relationship. The precision or accuracy of these two Doppler monitors was not part of this study, as this had been investigated previously 15 .
METHODS
Approval from the Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee was granted (CRE-2012.015) and written informed consent was obtained. Adult patients scheduled for major surgery, mainly robotic or laparoscopic lower abdominal, were recruited, because these types of surgery commonly exhibit a wide range of CO intraoperatively 14, 16 . Patients were excluded if they had significant oesophageal or cardiovascular disease.
Patients received general anaesthesia. The USCOM and CardioQ were set up on a trolley next to the head end of the patient. The USCOM is a lightweight portable stand alone unit that weighs about 5 kg. It has a hand-held ultrasound probe that is used to insonate the aortic (or pulmonary) valve via the thoracic inlet at the sternal notch (or anterior chest wall). The probe must be focused on the aortic valve to optimise the Doppler flow envelope. Optimal focusing is identified visually by a clearly defined triangular flow profile with maximum obtainable height. It can take up to 30 to 60 seconds to properly focus the probe and focusing is a skill that takes time to learn 11, 12 . The focused position is then maintained for up to ten seconds and the scan saved. The scan sweep includes 7.5 seconds of recordings. The flow profiles are automatically outlined and the area of each profile provides the velocity time integral (VTI). The average VTI value is used. It is the outer envelope of the flow profile that corresponds to blood-flow across the aortic valve. Heart rate is also measured from the scan and used to calculate CO from the stroke volume (SV). The USCOM is calibrated by inputting the patient's height and uses a chart to provide an estimate of cross-sectional area (CSA) of the aortic valve 17 . The Doppler beam is assumed to be parallel to blood-flow across the aortic valve, so no correction for insonation angle is required. Thus, SV is calculated using the standard Doppler shift equation for flow in a tube: SV=VTI×CSA×cosθ. The USCOM also computes a number of other flow-based haemodynamic variables, some of which are indexed to body surface area and this requires the input of additional information such as age, sex and weight. Numerical flow readings are displayed only after the scan has been performed and saved, thus the user is blinded to the final CO reading during scanning. The CardioQ is also a lightweight portable standalone unit similar to the USCOM 18 . It uses a 3 mm diameter disposable oesophageal probe with a pair of Doppler crystals embedded into the tip. The probe is introduced via the mouth or nose into the oesophagus to a depth of 35 to 45 cm where it lies parallel to the descending thoracic aorta posteriorly. By varying the insertion depth and rotating the probe, the position is optimised in a similar fashion to the USCOM. An optimum oesophageal Doppler signal has (a) a maximal-sized flow envelope, (b) no wall thump or run-off, so that the beginning and end of aortic flow are well defined, (c) a flow profile with a well formed blunted triangular shape and (d) a narrow frequency range of appropriate pixel density using the gain control 19 . Occasionally, a high density line or wall thump is seen just prior to the main flow profile, which is due to the pre-ejection contraction of the heart. Also, if the probe is in a poor position, a prominent diastolic flow profile, known as run-off, may be present. These artefacts can affect the ability of the CardioQ to accurately determine the beginning and end of systolic flow. The CardioQ measures CO by averaging consecutive flow profiles, usually five, that are outlined to calculate VTI or stroke distance. The CSA of the descending aorta is not measured, but instead an internal chart that relates patient age, sex, height and weight to population-based descending aortic CSA is used. The CardioQ assumes that the oesophagus and descending aorta lie parallel and the angle of insonation at the probe tip is 45°. If the aorta and oesophagus are not parallel, the CO readings may be erroneous.
The two investigators, who were experienced in the use of both devices, performed the Doppler measurements. The CardioQ was first optimally repositioned and set to 'run mode'. Then the USCOM was used, focusing the probe before saving the scan. A simultaneous CardioQ screen shot was also recorded. Readings took up to one minute to complete. Although the investigators were not blinded from the CardioQ CO reading whilst performing the USCOM scan, access to the USCOM reading became available only after both scans had been performed, thus minimising any potential for introducing bias. Placement of the USCOM probe into the sternal notch in lightly anaesthetised patients sometimes caused patient stimulation resulting in increases in heart rate. To ensure that CardioQ and USCOM measured the same haemodynamics, heart rate was used as a guide. Any pair of readings differing by more than two to three beats per minute was rejected and the measurements were repeated. Both saved readings were then recorded on a data collection form, in addition to being saved in an electronic format on a USB memory stick.
During the surgical procedure, pairs of CO readings were recorded at various intervals, usually every 30 minutes, depending on whether there was a change in CardioQ readings. As the oesophageal Doppler probe could only be inserted once the patient was unconscious, the first set of readings was performed shortly after induction of anaesthesia. The objective was to collect data over a wide range of CO values, thus an experimental protocol based on fixed collection points was not used. Over the course of major surgery CO usually increases with intravenous fluids, carbon dioxide insufflation for laparoscopy and surgery itself 14, 16 . A dopamine infusion (1 to 5 µg/kg/minute) was also used when needed to increase CO on clinical grounds. Although analysis of other haemodynamic variables such as systemic blood pressure did not form part of the study protocol, these data were still recorded by an electronic anaesthetic records system.
There were occasions when neither the USCOM nor CardioQ were able to capture a satisfactory flow signal and acceptable CO readings could not be performed. We persisted with trying to collect viable data for the first hour of surgery, but if the flow profiles did not improve with increasing CO the study was abandoned.
Statistical methodology
Data from each patient were compiled using Excel (Microsoft, Redmond, WA, USA) spreadsheets. Time plots were drawn using Sigma plot version 7.1 (Systat Software Inc., San Jose, CA, USA) that showed the relationships between USCOM and CardioQ readings intraoperatively ( Figure 1 ). Scatter plots for each patient's data were drawn and regression analysis performed. The correlation coefficient (r) was used as an index of 'between methods' within subject agreement. Excellent agreement was set at R 2 > 0.85 (r > 0.92) and good R 2 > 0.64 (r > 0.80) 20 . The regression line equation was also computed with CardioQ CO as the independent, and USCOM CO as the dependent, values ( Table 1) . This enabled us to study differences in the calibration, or systematic error, between the two Doppler methods. Group analysis combining data from all included patients was also performed using regression analysis and a scatter plot. Sample sizes from each patient varied due to the heterogeneous nature of the cases. Assessing the accuracy of readings using Bland-Altman analysis with correction for repeated measures ( Figure 2 ) was not the main purpose of the study, but was also performed to provide an indication of the bias and precision between the two Doppler methods 21 . SPSS (PASW Statistics v18.0, IBM, Armonk, NY, USA) was used for this statistical analysis.
RESULTS

Patient data
Between August and December 2012, 23 patients were recruited. Full data collections from three patients (15%) were not performed due to poor Doppler signal quality and these cases were excluded from any further analysis. The mean (range) age was 58 (26 to 81) years, there were 15 males and five females, American Society of Anesthesiologists Physical Status categories of I, II and III were 4, 13, and 3 respectively. Mean weight was 66 kg (range 48 to 89), mean height was 165 cm (range 152 to 175) 16 . When the flow profile is poorly defined the envelope is often incomplete and VTI is underestimated).
Individual time plots
Only comparative Doppler flow CO data from the two study methods are presented. Examples of individual patient's time plots are shown in Figure 1 . The range (mean and minimum to maximum) of CO values studies in each patient was 6.1 l/minute and 2.2 to 10.3 l/minute for the CardioQ and 6.3 l/minute and 2.5 to 10.0 l/minute for the USCOM respectively. In 14 out of 20 cases the USCOM appeared to track changes (maintain close agreement or constant difference) in CardioQ CO, and vice versa, exceptionally well (see cases H and K from Figure 1 ) and this was confirmed by their correlation coefficients (R 2 ) which were > 0.85 (Table 1) . However, exceptionally good tracking and a > 0.85 correlation coefficient was not always associated with good agreement between the measured values of CO by the two Doppler methods and significant bias did coexist in some cases (see case C from Figure 1 ). In four of the remaining cases (i.e. cases A, N, O and R [see case A from Figure 1 ]) reasonable agreement of CO between the two Doppler methods was still present, R 2 being 0.64 to 0.78 ( Table 1 ). In the two remaining cases (see cases M and Q from Figure  1 ) correlation was poor. It is possible that CardioQ readings in these patients were affected by surgical manipulations (which were close to the oesophageal Doppler probe tip), but this could not be confirmed.
Regression and correlation analysis
There was a recurrent pattern in each patient's regression plot (y-axis USCOM-CO and x-axis CardioQ-CO) for the CardioQ to read lower at low COs and higher at high COs relative to the USCOM and the two readings did not increase by similar amounts. This was documented by the gradient (m) of the individual regression lines which had a median (quartiles) slope gradient (m) of 0.88 (0.76 to 0.99). Furthermore, the intersection with the y-axis in most cases was positive and above the x-axis ( Table 1 ). The contradictory m=1.27 slope in case C can be explained by the large bias, or calibration mismatch, between the two Doppler CO readings. The regression plot showing data from all twenty cases had a regression line of gradient m=0.60 that crossed the y-axis at 2.7 l/minute (Figure 2 ).
Agreement
The Bland-Altman plot showing the overall agreement between the two Doppler CO methods showed a mean CO of 6.2 l/minute, a small bias of -0.23 l/minute and limits of agreement of -2.54 to 2.08 l/minute with a percentage error of 37% ( Figure  2 ).
DISCUSSION
The main findings from our study were that there was excellent or good correlation between CO measured by the two Doppler methods in most but not all patients (Figure 1) . The relationship between the readings from individual cases, although linear, typically did not pass through zero, but usually passed above on the y-axis (Table 1) . Thus, there was an overriding tendency for the CardioQ to under-read at low CO and over-read at high CO relative to the USCOM. Bland-Altman analysis found wide limits of agreement with a precision error of 37%, which was outside the generally accepted benchmark of less than 30% for good precision 23 .
In order for the anaesthetist to use CO monitoring with confidence, readings need to provide a reliable indication of the amount of blood-flow and its changes over time, even if true accuracy is lacking. What our Doppler data showed is that in the majority of our patients, there was good agreement between two Doppler methods of CO determination, despite changes over time. Even if the values were not the same, the differences appeared relatively constant in most patients. There did not appear to be major shifts in the baseline, or drifts in calibration, of the readings during surgery, a problem that has been reported when using other types of CO modality, such as pulse contour analysis. However, as we did not have an independent gold standard measurement of CO, we cannot exclude the possibility of drift. Biancofiore et al showed significant changes in bias between FloTrac and thermodilution readings during liver transplant surgery as peripheral resistance varied and Meng et al showed similar changes in bias with vasopressor administration 24, 25 .
Unlike the majority of CO technologies where a single digital CO output is generated automatically, Doppler CO requires significant interaction between the user-machine interfaces, notably repositioning of the probe to obtain an optimal response using the visual monitor screen. Auditory signals can also be used. When using the USCOM the flow profile, its size and how it changes with scanning all provide the user with useful qualitative feedback on whether the CO is low or high. Flow profiles are less useful in this respect when the CardioQ is used, because the aorta varies in diameter with increasing age and this causes a change in peak velocities with age [26] [27] [28] .
We were not able to use Doppler monitoring in all cases to measure CO because the scans were too poor in quality. We collected reliable data from 18 out of 23 cases, including those where data was too poor to proceed with the study, which suggests that Doppler CO can only be used in 75% of anaesthetic cases. A recent study by our group has shown that age-related changes in the aorta, primarily unfolding, can make suprasternal focusing of the USCOM more difficult 29 . It is also recognised that where exactly the probe lies in the oesophagus can affect the reliability of CardioQ readings, and the depth of insertion of the probe needs to be constant. In two of our cases, M and Q, we hypothesised that probe movement caused by surgery close to the diaphragm affected our readings (Figure 1 ). Using a system that fails in 25% of cases may seem to be a major deterrent to the use of Doppler CO technology. However, if one can predict the cases in which it is likely to fail, then the modality could have wider utility. Studies like our recent USCOM work on aortic unfolding are needed to make this possible and we are currently investigating the effect of curvature of the descending thoracic aorta due to unfolding on the reliability of CardioQ readings 29 .
Performing a Bland-Altman analysis was not the primary objective of our study; it did provide an insight into the accuracy of both Doppler methods, although a gold standard reference reading was not included. The bias of -0.23 l/minute showed that there was little difference between the two Doppler methods in respect to overall calibration, but the wide limits of agreement that were above 30% percentage error did not support good agreement between the two Doppler methods following calibration. Thus, neither Doppler monitor could be confirmed as providing accurate one-off measurements of CO.
Our Bland-Altman analysis data were in keeping with previous validation studies comparing Doppler CO with bolus thermodilution 15, 30 . Chong and Peyton reported that the USCOM had an overall percentage error of 43%, which compared closely with our value of 37%, albeit without a thermodilution reading.
Our surrogate reference method was oesophageal Doppler. Precision of the USCOM is dependent not only on the accuracy of the Doppler measurement but also on the method and input data, which for the USCOM was aortic valve size, or CSA, and this was derived from a chart that used the patient's height 17 . Due to the heterogeneous nature of humans this chart can generate large systematic errors. Similarly, the CardioQ uses demographic data for CSA and it is affected by similar errors.
In Figure 1 it can be seen that USCOM and CardioQ readings do not always agree. As early as 1989, Singer et al recognised that when using oesophageal Doppler, the variations in descending aorta diameter would cause significant errors and that chartbased calibration derived from gender, height and weight may introduce inaccuracies 31 . However, these sources of systematic error that affect calibration remain constant within individual subjects and thus would not be expected to affect tracking of CO changes. In our cases H and K, there was good agreement, but in case C there was a wide discrepancy of 1 to 2 l/minute. Despite this bias, readings did follow changes in CO consistently and correlation was excellent ( Table 1) .
The Bland-Altman data from other oesophageal Doppler studies is more varied. Most of this data pre-dates percentage error and in Dark and Singer's meta-analysis a statistic called "percentage of clinical agreement" based on the number of data pairs that were within ±15% of mean bias was used 30 . A percentage of clinical agreement of 40% to 60% equates with a percentage error of 40% to 50% and these two statistical parameters are inversely related. Re-evaluation of data from Dark and Singer's paper using mean CO and limits of agreement shows that the percentage error for many of these oesophageal Doppler studies was 40% to 50%, thus upholding the conclusion that the CardioQ with respect to the true CO value may not be accurate.
In this study we were more interested in ability to track changes in CO rather than bias and limits of agreement alone. For this reason we calculated the regression and correlation coefficients for each patient individually ( Table 1 ). The tracking ability is also presented graphically for six selected patients. By 'tracking ability' we refer to the ability of the measurement obtained using one method to move in the same direction and amount of the second method. This would be independent of any fixed bias or calibration error. There is little published data on the tracking ability of Doppler methods to measure 33 . Monitors were CardioQ, FloTrac-Vigileo™ (Edwards Lifesciences, Irvine, CA, USA) and LidCOrapid™ (Li, LiDCO Pty Ltd., Cambridge, UK). The authors found poor tracking of CO between these methods following fluid bolus or metaraminol. The CardioQ tracked thermodilution CO changes the best, though its Bland-Altman comparisons were the widest with the largest percentage error.
The other notable aspect of our CO data was that the readings from the USCOM and CardioQ did not increase uniformly. Instead, their regression lines were slanted. Mathematically, the relationship between the two sets of Doppler readings altered as the CO increased. One of the disadvantages of measuring CO from the descending aorta is that a correction factor, or split ratio, for the loss of bloodflow to the head and upper body is required. About 70% of CO reaches the descending aorta. The CardioQ corrects for this loss during calibration, but assumes that the proportion, or split ratio, remains constant. Regression line data from the present study supports a hypothesis that the split ratio varies as CO readings change. The types of surgery included in the study would be expected to increase blood-flow to the lower body because blood-flow increases to traumatised tissues. A subset of data from our robotic cases showed that CO increases with abdominal gas insufflation and duration of surgery 34 . Hence, the underestimation by the CardioQ at lower CO may be because blood preferentially flowed to the upper body and the percentage split to the descending aorta was <70%, whilst at higher CO the reverse applied. This hypothesis would need to be confirmed in further studies.
Suprasternal Doppler measurements using the USCOM often requires the probe to be inserted deeply into the sternal notch so that the head of the probe clears the sternal bone. In lightly anaesthetised patients this sometimes causes noxious stimulation that can increase heart rate and CO, which may complicate the haemodynamic assessment. Our data were collected from anaesthetised patients who did not respond to the investigation, but potential heart rate and CO increases may be a factor to consider in awake patients.
We did not include a recognised reference method such as thermodilution, as this method is rarely used in our hospital and inclusion of an invasive method was not ethically justified. The reliability of the pulmonary artery catheter as a reference standard has also been recently questioned [35] [36] [37] , and its accuracy may be no better than oesophageal Doppler 25, 38, 39 . Moreover, as we were studying the agreement between two methods rather than accuracy per se, a third reference measure of CO was not critical to the study objectives. We recognise that we were comparing similar technologies based on Doppler ultrasound, but the readings were taken from two separate sites (the aortic valve and descending thoracic aorta), resulting in different information being obtained. Our regression analysis of the data showed that these two sites often provided different readings.
We did not use predetermined timepoints to collect data during the surgery, and the duration of the various procedures differed. This resulted in a variable number of data pairs per case ranging from eight to 22. Variations in sample size can introduce bias into the statistical analysis, particularly Bland-Altman plots. This variation would not affect the individual time plots, regression equations and correlation coefficients (Table 1, Figure 1 ), but should be taken into consideration when interpreting the overall regression analysis and the Bland-Altman plot.
CONCLUSIONS
Our time plots of agreement between CardioQ and USCOM showed good tracking ability across a wide range of CO in most but not all patients. Correlation between the two devices was excellent in 14 patients (R 2 >0.85), good in another four (R 2 >0.64) and poor in two. Regression line data supported the hypothesis that CardioQ under-reads at low CO and over-reads at high CO compared to the USCOM. However, the precision between the two CO readings was poor with wide limits of agreement and a percentage error of ±37%. These findings indicate that these devices individually track changes in CO in many patients but cannot be relied upon to provide the same values.
